Purpose. To colonize and cause infection in the host, pathogens must be well equipped to respond to and survive in several hostile conditions. TolC, an outer membrane channel component used by multidrug efflux pumps and type I secretion systems, is considered to be largely involved in bacterial physiology and virulence. In this study, we attempted to investigate the possible roles of TolC2, a homologue of TolC, in the pathogenesis of Actinobacillus pleuropneumoniae.
INTRODUCTION
Actinobacillus pleuropneumoniae is the etiologic agent of porcine contagious pleuropneumoniae, a significant and often fatal respiratory disease that causes serious economic losses to the swine industry worldwide [1] . A. pleuropneumoniae is a Gram-negative bacterium and belongs to the Pasteurellaceae family. This organism usually colonizes the tonsils, respiratory tracts and lungs of pigs, causing tissue damage and resulting in haemorrhage and necrosis within the lungs [2] . Even though several virulence factors have been explored to unmask the pathogenesis of A. pleuropneumoniae [1] , identification of new virulence factors that mediate the in vivo colonization of host tissues will contribute to better control of this disease.
TolC is an important outer membrane (OM) protein belonging to the family of envelope proteins that exists in all Gramnegative bacteria [3] . TolC is the prototypical OM channel component of multidrug efflux pumps and type I secretion systems. In these three-component systems, TolC interacts with different specific inner membrane transporters, completed by their cognate membrane fusion proteins that span the periplasm, providing a continuous proteinaceous channel for the extruding of a range of structurally dissimilar compounds to the extracellular environment [4] . These systems are usually characterized by their key roles in resistance to antimicrobial agents and in secretion of virulence factors. Thus, TolC seems to be crucial for the protection of pathogens against toxic compounds and bacterial pathogenicity. In fact, TolC has already been identified as an important virulence factor in several pathogenic bacteria, such as Neisseria meningitidis [5] , Vibrio cholerae [6], Brucella suis [7] and cyanobacterium Anabaena [8] .
Besides its roles in multidrug resistance and toxin secretion, TolC has also been reported to be involved in bacterial physiology, such as expulsion of metabolites, acid tolerance and cell membrane integrity [9] . Given the important roles in cell homeostasis and adaptation to hostile conditions, TolC is proposed to function in the bacterial colonization and survival in the host, as revealed in Legionella pneumophila [10] , Francisella tularensis [11] and Salmonella enterica serovar Typhimurium [12] . In our previous study, we identified and named a TolC-like protein, TolC2, in A. pleuropneumoniae. However, the data suggested no obvious role of TolC2 in antibiotic resistance and biofilm formation in A. pleuropneumoniae and the actual function of TolC2 remains to be answered [13] .
In this work, we try to unmask the possible roles of TolC2 in pathogenesis of A. pleuropneumoniae. Studies on the survival abilities of the DtolC2 mutant in the presence of stress challenges revealed that TolC2 is involved in the oxidative, thermal and acid resistance in A. pleuropneumoniae. In addition, TolC2 was confirmed to contribute to the virulence of A. pleuropneumoniae in mice by intraperitoneal injection. Evidence for the attenuation of the DtolC2 mutant are also provided by serum-killing and in vivo phagocytosis assays, which showed that the loss of TolC2 leads to significantly higher sensitivity to complement-mediated killing and the phagocytosis by macrophages. The organ burden assays revealed decreased colonization of DtolC2 in mouse lungs. These findings demonstrate the critical role of TolC2 in the ability to survive in the host and its overall virulence of A. pleuropneumoniae.
METHODS
Bacterial strains, media and growth conditions A. pleuropneumoniae SC1516, its mutant DtolC2 and plasmid-complemented strain DtolC2/tolC2 were described previously [13] . Bacterial cultures were grown in tryptic soy broth (TSB) or on tryptic soy agar (TSA, Difco Laboratories, Detroit, MI, USA) containing 0.01 % NAD, with 50 µg ml À1 of kanamycin for complemented strains. All strains were grown at 37 C.
In vitro stress assays Stress-resistance assays were performed as described previously with slight modifications [14] . A. pleuropneumoniae SC1516, the DtolC2 mutant and DtolC2/tolC2 were cultured in TSB to the optical density at 600 nm (OD 600 ) with approximately 0.6-0.8. 1 ml of each of the cultures centrifuged at 4500 g for 5 min to pellet the cells. To test the sensitivity to H 2 O 2 , cells were resuspended in 1 ml of TSB containing 0.5 mM hydrogen peroxide for 30 min. In the heat-shock assays, cells were resuspended in 1 ml of TSB and incubated at 42 C for 20 min. Cultures of both stress assays were diluted serially and spread onto TSA plates for c.f.u. counting. For the osmoticresistance assays, cells were resuspended in 1 ml of TSB, serially diluted and spread onto TSA plates containing 0.3 M potassium chloride. The acid challenge was conducted as described before [15] . SC1516 and its derivatives were cultured overnight in TSB (pH 6). Then, each overnight culture was diluted 1/100 into fresh TSB pH 5. Following a 2 h exposure, cells were harvested, serially diluted and plated on TSA plates for enumeration of c.f.u. Cells of each strain without any treatment serve as controls. The experiments were independently performed three times.
Serum bactericidal assays
Porcine serum was prepared from a pool of blood from several healthy pigs with no history of A. pleuropneumoniae infection. The serum bactericidal assays were performed as previously described with some modifications [16] . Briefly, SC1516 and its derivatives were cultured in TSB to reach an OD600 of 0.6-0.8. Cells with 1 ml of each culture were collected by centrifugation at 4500 g for 5 min before suspension in 1 ml PBS. A total of 100 µl of bacterial suspension was added to 300 µl of fresh or heat-inactivated (treated at 56 C for 30 min) porcine serum to obtain a final concentration of 75 % serum (vol/vol% in PBS). After incubation at 37 C for 1 h, the mixtures were diluted serially and spread onto TSA plates to count c.f.u. The survival percentage in serum was calculated according to the equation described previously [17] . This experiment was independently performed three times.
Mouse inoculation experiments
Animal experiments were approved by the Sichuan Agricultural University Institutional Animal Care and Use Committee and carried out in strict accordance with the recommendations of the Sichuan Regulations for the Administration of Affairs Concerning Experimental Animals, 2012. Five-week-old female BALB/c mice were obtained from Chengdu Dashuo (Sichuan, China). Mice were acclimated for 3 days before starting the experiments. All efforts were made to provide maximum comfort and minimal suffering.
Lethal intraperitoneal injection
Groups of 10 mice were infected intraperitoneally with SC1516 or DtolC2 at a dose of approximately 2Â10 8 c.f.u. per mouse. The exact infectious doses were confirmed by retrospective c.f.u. counts. The mice were carefully monitored for 5 days.
Intranasal infection model
Mice were randomly allocated to two groups and 13 mice were included in each group. After being lightly anesthetized by inhalation of ether, mice were intranasally inoculated with SC1516 or DtolC2 by placing 50 µl bacterial suspension in PBS (2Â10 9 c.f.u.) on the nares. The exact infectious doses were confirmed by retrospective c.f.u. counts. As a control, three mice were injected with 50 µl sterile PBS.
At 90 min after inoculation, the phagocytosis assays were performed as previously described with little modifications [18] . Mouse lungs were lavaged using 3 ml PBS to collect the alveolar phagocytes (three mice per bacterial strain). The suspension was treated with 50 µg ml À1 gentamicin at 37 C for 1 h to kill the extracellular bacteria. Then, cells were harvested by centrifugation at 4000 g for 5 min and washed twice with PBS. The phagocytes were lysed using 1 % Triton X-100 solution, followed by vortexing for 15 s. Internalized bacteria were released and diluted serially to count A. pleuropneumoniae c.f.u. The changes of DtolC2 in phagocytosis were normalized to SC1516, which was set to the baseline value of 1.
For the organ burden assays, mice were monitored for 6 h. Lung necropsies were performed either at death or after surviving mice were euthanized at the end of the 6 h (seven mice per bacterial strain). Each lung tissue was weighed, homogenized in 1 ml PBS and serially diluted for the enumeration of c.f.u. The number of c.f.u. determined in the lung was standardized per 0.1 gram wet organ weight. For histopathology (three mice per bacterial strain), organs were fixed in 10 volumes of 10 % neutral-buffered formalin, embedded in paraffin, sectioned at about 4 µm, and stained with hematoxylin and eosin (HE). Bacteria in the tissue sections were stained by Gram staining.
Statistical analysis
Statistical analysis was performed with the Prism version 6.0 (GraphPad Software, San Diego, CA). Data were presented as means±SDs. Statistical significance was performed on crude data using Student's t-test or one-way ANOVA. Differences were considered significant at P<0.05. The mouse survival curves were analysed using the log-rank test.
RESULTS
TolC2 is important for oxidative, thermal and acid resistance in A. pleuropneumoniae In our previous study, the growth characteristics of SC1516, DtolC2 and DtolC2/tolC2 strains were examined and no difference was observed [13] . In this study, the viability of SC1516 and its derivatives were determined under different stress conditions. When the cells were exposed to 0.5 mM hydrogen peroxide for 30 min, between 41.23 and 70.29 % of DtolC2 bacteria survived, much lower than that of SC1516 (86.62±3.89 %) and the DtolC2/tolC2 (83.11±4.95 %; Fig. 1a) . Similar results were also observed in the heat-shock assays, in which the DtolC2 mutant showed significantly lower percent survival of 57.86±10.44 %, compared with that of SC1516 (91.53±2.64 %) and the DtolC2/tolC2 (90 ±3.97 %; Fig. 1b) . To deduce the role of TolC2 in acid adaptation, we performed acid resistance assays. The DtolC2 mutant exhibited approximately 22 % reduced survival rate compared to SC1516 at pH 5 (Fig. 1c) . These results show that the absence of TolC2 impairs the efficient response towards oxidative, acid and heat-shock stress, suggesting an important role of TolC2 in A. pleuropneumoniae viability under these stress conditions. However, the ability of DtolC2 to grow in the presence of 0.3 M potassium chloride was comparable with that of SC1516 (Fig. 1d) , thereby demonstrating that TolC2 has no significant role in osmotic stress.
TolC2 is required for the virulence of A. pleuropneumoniae in mice To assess directly the role of TolC2 in the virulence of A. pleuropneumoniae, mice were inoculated with a dose of 2Â10 8 c.f.u. per mouse of SC1516 or DtolC2 via the intraperitoneal route and monitored for 5 days. Nine mice inoculated with the parental strain succumbed to infection during the initial 24 h and the survival rate was 10 % by day 5. Whereas, DtolC2 only caused four mice to die during the course of the experiment. In total, 90 % of mice inoculated with SC1516 died compared to only 40 % of mice inoculated with DtolC2 (Fig. 2) , suggesting that the DtolC2 strain is highly attenuated and TolC2 protein is required for the virulence of A. pleuropneumoniae in mice.
TolC2 contributes to serum-killing resistance
To identify the role of TolC2 in resisting the bactericidal activity of serum, the survival of SC1516, the DtolC2 mutant and DtolC2/tolC2 were determined in 75 % porcine serum. After incubation for 1 h, DtolC2 was shown to be highly sensitive to the serum complement, with DtolC2 having a 41.88 ±8.34 % survival rate and SC1516 an 85.33±4.50 % survival rate (Fig. 3) . The serum resistance ability returned to the wild-type level in the genetically complemented strain (77.85±8.35 %), demonstrating that the TolC2 protein of A. pleuropneumoniae plays a significant role in the resistance to complement-mediated killing.
TolC2 contributes to phagocytosis resistance
To determine whether the TolC2 protein has a role in A. pleuropneumoniae survival upon phagocytosis in vivo, SC1516 and the DtolC2 mutant were tested in phagocytosis assays by the intranasal route. We found that DtolC2 bacteria were phagocytosed 2.8-to 6.4-fold more efficiently than the parental strain SC1516 (Fig. 4) . The result reveals that the absence of TolC2 leads to significant susceptibility to phagocytosis, suggesting the critical role of TolC2 protein in the phagocytosis resistance of A. pleuropneumoniae.
TolC2 contributes to the lung colonization of A. pleuropneumoniae in a mouse intranasal infection model
To further decipher the basis for the attenuation of DtolC2 mutant, we analysed the colonization in the lungs of mice inoculated intranasally with the SC1516 or DtolC2 mutant. At 6 h post-infection, mice were sacrificed and lungs were removed for bacterial enumeration and pathology. As shown in Fig. 5 , the number of c.f.u. recovered from the lungs of mice infected with DtolC2 was significantly lower than that infected with SC1516, indicating that the DtolC2 mutant is easier to be cleared from mice than the wild-type strain.
The aforementioned virulence study was further supported by histopathological analysis. As shown in Fig. 6 , the lung tissues of mice infected by SC1516 showed extensive infiltration of inflammation cells in alveolar, as well as haemorrhages evidently. While, the DtolC2 mutant caused mild pulmonary interstitial inflammation. Correspondingly, Gram staining demonstrated reduced bacterial number in the lungs of mice infected with DtolC2 compared with those infected with the wild type. Altogether, these results suggest that the TolC2 protein is required for the lung colonization and in vivo survival of A. pleuropneumoniae.
DISCUSSION
Colonization is the ability of a pathogen to survive and to replicate within the host, and is often a necessary prerequisite to establish infection [2] . The lower respiratory tract is the site where A. pleuropneumoniae preferentially colonizes and causes tissue damage, contributing to clinical morbidity and mortality [1] . In order to colonize and persist in the host, A. pleuropneumoniae must respond to and survive in several hostile conditions. However, the factors involved in these pathogenic processes of A. pleuropneumoniae are not well understood. TolC, an OM channel protein, has been identified as an important virulence factor in several pathogenic bacteria [9] . In our previous study, we identified a TolC-like protein TolC2 and created a tolC2 deletion mutant in A. pleuropneumoniae SC1516. In this work, we further analysed the possible roles of TolC2 in pathogenesis of A. pleuropneumoniae.
To assess the role of TolC2 in resistance to stress physiology in the host, the survival rate of the DtolC2 mutant in various hostile environments was determined in vitro. During colonization or infection, pathogens were well equipped to face various oxidants that cause DNA damage [19] . By oxidative stress assays, we proposed the role of TolC2 in the efflux of reactive oxygen species and suggested a requirement of TolC2 as one of the defence strategies against oxidative stress in A. pleuropneumoniae. The impaired survival capabilities of the DtolC2 mutant after heat shock indicated that TolC2 may function in the defence against damage to membranes. The growth deficits of the DtolC2 mutant in the presence of acid challenge may be explained by the fact that several TolC-dependent efflux pumps are driven by H+ antiport, and that TolC may regulate some acid-resistance system at low pH, as revealed in Escherichia coli [15] . Importantly, the characteristics of the DtolC2 mutant observed above are not due to polar effects because the growth abilities were returned back to wild-type level in the complemented strains. All of these results suggest the Fig. 4 . DtolC2 is more susceptible than the parental strain SC1516 to in vivo phagocytosis in mice. BALB/c mice were infected intranasally with a dose of 2Â10 9 c.f.u. per mouse of SC1516 or DtolC2. The phagocytosis assays were performed at 90 min after inoculation. The changes of DtolC2 in phagocytosis were normalized to SC1516, which was set to the baseline value of 1. DtolC2 bacteria were phagocytosed 2.8-to 6.4-fold more efficiently than the wild-type. **P<0.01 when comparing the number of phagocytosed DtolC2 against SC1516. crucial role of TolC2 in helping A. pleuropneumoniae survive environmental challenges.
In this study, virulence was evaluated by the mortality of intraperitoneally infected mice with SC1516 or the DtolC2 mutant. We found that the DtolC2 mutant is significantly attenuated compared to wild-type (P<0.05) (Fig. 2) . The involvement of TolC in virulence has been studied in several pathogens, and the findings in this work support and extend these reports. To understand how the lack of TolC2 affects the pathogenicity of A. pleuropneumoniae, we first determined if the loss of TolC2 impaired the function of type I secretion systems, which are involved in the direct secretion of various virulence factors [20] . Among characterized substrates of the type I systems, Apx toxins, members of the RTX family, are considered to be the most important virulence factors in A. pleuropneumoniae [21] . However, we found that TolC2 plays no role in the secretion of Apx toxins, or any other potential virulence-associated proteins by secretome analysis using two-dimensional gel electrophoresis (data not shown).
The serum bactericidal assays showed that disruption of tolC2 rendered the mutant susceptible to complementmediated killing (Fig. 3) . It is proposed that the structural integrity of bacteria is necessary to resist the bactericidal action of the complement [22] . We speculated that the DtolC2 mutant is structurally compromised and is captured by a larger amount of complement 3b when exposed to the fresh serum. In conjunction, in vivo studies showed that the loss of TolC2 causes higher sensitivity of A. pleuropneumoniae to phagocytosis by macrophages (Fig. 4) , which are known to phagocytose mainly by binding the complement 3b protein deposited upon the bacterium [23] . These results suggest that TolC2 in A. pleuropneumoniae is particularly important for the tolerance to serum killing, and then contributes to the resistance to lysis upon uptake by macrophages. In addition, the organ burden assays indicated a higher bacterial clearance rate in the absence of TolC2 in the lungs of infected mice. This was not surprising given the increased sensitivity of the DtolC2 mutant to complement and macrophages. Anyway, the lower bacterial colonization is likely to be a key contributing factor to the attenuation of the DtolC2 mutant.
In summary, we show here that TolC2 is required for efficient responses towards hostile conditions by in vitro stress assays. We confirm that TolC2 plays a critical role in the full virulence of A. pleuropneumoniae infection in mice by the intraperitoneal route. Moreover, we present evidence for the virulence attenuation of the DtolC2 mutant using the mouse model of pneumonia. We found that TolC2 is involved in the resistance to lysis by serum complement and to the phagocytosis by macrophages, and ultimately functions in the resistance to lung clearance. Taken together, our findings identify TolC2 as an important virulence determinant that mediates adaptive responses and helps maximal colonization of A. pleuropneumoniae in the host. (ii) (i) Fig. 6 . Histopathology of lungs in mice after intranasal infection of A. pleuropneumoniae. Representative HE-stained lung sections from mice infected with SC1516 (a1) or the DtolC2 mutant (b1) were shown. The tissue infected with DtolC2 showed milder pulmonary lesions compared to that of the wild-type strain. Gram staining demonstrated the presence of A. pleuropneumoniae in the infected tissues (indicated by black arrows). The overall bacterial numbers in the lung infected with DtolC2 (b2) were significantly lower than that infected with SC1516 (a2). HE and Gram staining of uninfected lung tissue are shown in (c1) and (c2), respectively.
